Introduction
We developed a method that identifies two distinct pools of synaptic vesicles in frog motor nerve terminals (RichThe recycling of synaptic vesicles is essential for nerve ards et al., 2000). The method emerged from the obserterminals to maintain reliable synaptic transmission durvation that for several minutes after tetanic stimulation, ing sustained stimulation. At the neuromuscular junc-FM2-10 (but not FM1-43) can be washed from nerve tion, two major routes of vesicle recycling (a rapid reendings. The basic paradigm is illustrated in Figure 1A , trieval of single vesicles from the plasma membrane which shows three ways of applying FM2-10 relative to and a slower retrieval from membrane infoldings and the timing of a tetanus (30 Hz for 1 min). In Control cisternae) have been identified, which appear to fill two preparations, dye was present during and for 15 min distinct vesicle pools (the readily releasable pool [RRP] after stimulation, and the resulting terminal fluorescence and the reserve pool). Electron microscopy of frog was brightest ( Figures 1B and 1C) . If FM2-10 was pres-(Heuser and Reese, 1973 Reese, , 1981 Richards et al., 2000) ent only during stimulation (with the preparation being and Drosophila larval (Koenig and Ikeda, 1996, 1999) vigorously washed immediately after the end of the tetamotor nerve terminals disclosed two morphologically nus), this Quick wash paradigm produced terminals only distinct routes of endocytosis. Electrophysiological reabout 30% as bright as controls ( Figures 1B and 1C) . cordings from most synapses show characteristic runAssuming that this paradigm selectively stains the down of synaptic signals during repetitive stimulation, readily releasable pool (see below), and noting that the which has been interpreted as reflecting sequential tetanus we used ( (30 Hz) began at time zero and continued for the duration ates. We show below that a third definition also identifies this population, namely the vesicles that are available for of the experiment, causing the decrease in terminal fluorescence as dye was released. Terminals that had been release with low-frequency stimulation. In the present work, we have characterized and quantified functional loaded with a Quick wash paradigm destained fastest, indicating that vesicles endocytosed during dye loading and morphological properties of these pools using optical, electrophysiological, and electron microscopic are rapidly rereleased. The Delayed load terminals showed a distinct lag in destaining when the tetanus began, techniques. suggesting that with this paradigm the reserve pool is selectively filled and destaining begins only after the readily releasable pool is emptied (Richards et al., 2000) .
Characteristics of the Readily Releasable Pool (RRP) These and other observations suggested that the readily releasable pool is depleted after 10-15 s of stimu-
The lag in destaining seen with the delayed load paradigm suggested that RRP vesicles are released in 10-15 lation at 30 Hz, and that, if stimulation continues beyond 10-15 s, reserve pool vesicles are mobilized and uns during 30 Hz stimulation. We sought to label the RRP selectively by stimulating for only 10 s in the presence dergo exocytosis. Thus, we define the RRP as the fraction of the total vesicle pool that is readily available for of the dye. Figure 2A (inset) shows that terminals were about 20% as bright as fully loaded terminals, for both release with tetanic stimulation; from the standpoint of endocytosis, the RRP is defined as the vesicles that can FM2-10 and FM1-43. The normalized destaining rates of these terminals ( Figure 2A ) were much faster than in rapidly recycle without a need for endosomal intermedi- We wondered how the depleted readily releasable rated by 5 or 90 s are shown in Figure 3A . Five seconds after the first tetanus, total release was depressed by pool becomes refilled if stimulation stops ( Figure 2B ). Would it refill with recycling vesicles or with vesicles about 50%, but it recovered completely in 90 s. Figure  3B shows that initial depression was greater with longer mobilized from the reserve pool? To test this, we first loaded both pools (Control paradigm in Figure 1A) with tetani. Figure 3C shows the same data normalized, revealing that the time course of recovery was nearly the FM1-43. Then we released the RRP with a brief tetanus (30 Hz for 10 s) and halted stimulation for 20 min. During same for tetani lasting 3, 5, or 10 s. The best exponential fit to the three observed curves in Figure 3C has a time this 20 min rest period, evoked EPPs recover completely (see Figure 4) . Thus, the RRP refilled with either recycling constant of 19.4 s (similar results [ ϭ 17.9 s] were obtained when measuring the recovery of responses vesicles (containing no dye) or reserve pool vesicles (containing dye), or some combination of both. When we to single shocks, after RRP depletion). The relatively uniform behavior of the three groups suggests that they resumed tetanic stimulation, we observed a pronounced initial lag in the destaining that lasted about 10 s (vertical reflect depletion of the same pool, indicating the vesicles are relatively homogeneous within this pool. This result line). The nearly flat fluorescence trace suggests that recycling vesicles, not reserve pool vesicles, had repopled us to explore the effect of longer tetani, during which vesicles from both the readily releasable and reserve ulated the RRP. This result is similar to that observed with cultured hippocampal neurons (Pyle et al., 2000) . pools contribute to release. We obtained a similar result if the initial unloading ("Buzz") was performed with 5 Hz stimulation for 2 min Characteristics of the Reserve Pool Previous work (Richards et al., 2000) suggested that (Figure 2, open circles) . The nearly identical result was somewhat unexpected, since far more transmitter was vesicles recycle slowly after prolonged tetanic stimulation. We wondered whether transmitter release would released during the low-frequency stimulation, but the readily releasable pool still became repopulated with be similarly affected. Thus, we repeated the experiments described above with conditioning and test tetani lasting recycled vesicles (see also Figure 8 Figure 4A ), we cannot reliably confirm the presof data points). It is clear that the recovery of sustained transmitter secretion was slow, with a half-time of about ence of such a small pool with our optical techniques. We next fit summed EPP curves obtained at different 10 min (compare to the ‫1ف‬ min full recovery time for the readily releasable pool in Figure 3) . times after the conditioning tetanus, which like those described above for a conditioning tetanus were fit We performed additional curve-fitting analyses on the summed EPP curves and determined that the curves much better with a two-pool model. The best fits gave evidence of mobilization of transmitter from two pools are best described by a double exponential process that describes two vesicle pools ( Figure 5A ; asynchronous during 30 Hz stimulation: the smaller pool (about 15% of the total) was depleted with a time constant of about release, which contributes negligibly to total release [Becherer et al., 2001 ] is ignored here). We examined the 4 s, while the larger ‫)%58ف(‬ had a depletion time constant of about 40 s. We charted these four parameters quality of fits to single and double rising exponentials. A typical result using the averaged control summed EPPs during recovery after a priming tetanus, as shown in Figure 5D . Only one of the four components-the size is shown in Figure 5B . While the observed data (solid line) seems well fit by the one-pool model (dashed line), of the larger pool-showed a large, monotonic change during recovery. This of course is consistent with the the two-pool model fits the observed data almost perfectly and cannot be distinguished from it in Figure 5B .
refilling of a reserve pool of vesicles and the half-time of recovery-about 10 min-is generally consistent with The distinction is clearer in Figure 5C Figure 6A shows
We also measured the spatial distribution of cisternae The scattered ultrastructural distribution of cisternae (1800) for loading. Destaining was performed in two steps: first at 5 Hz, and then at 30 Hz. As expected (from was reflected in the pattern of FM dye uptake in living preparations examined with fluorescence microscopy Figure 2B ), terminals loaded at 30 Hz destained relatively slowly, while terminals loaded at 5 Hz destained rela-( Figure 7C ). The crisp fluorescent spots that mark synaptic vesicle clusters were not immediately evident after tively rapidly. Figure 8B shows results from terminals loaded at 2, 5, or 30 Hz (1800 shocks each), then imaged dye loading with tetanic stimulation. Rather, the initial staining pattern was more diffuse. We quantified the during continuous stimulation at 30 Hz. Terminals loaded at lower stimulus frequencies (which were also dimmer "spottiness" of terminals (see Experimental Procedures); Figure 7D shows that it increased progressively for at the outset than terminals loaded at high frequencies; see below) lost dye more rapidly during stimulation than 10-15 min after dye loading, consistent with the disappearance of randomly dispersed cisternae and simultathose loaded at 30 Hz. Finally, we measured the effects of stimulus frequency neous appearance of clustered vesicles. on both FM dye uptake and EPP amplitudes ( Figures  8C-8F) . As before, the number of shocks was kept constant at 1800. Figure 8C shows that the amount of FM dye taken up increased with stimulus frequency; terminals loaded with 1800 stimuli given at 30 Hz were about 4 times brighter than terminals loaded with the same number of shocks at 2 Hz. Figure 8D shows EPP amplitudes during stimulation, and Figure 8E shows that their summed amplitudes were greater with low-frequency, not high-frequency, stimulation (the low frequencies [2, 5 Hz] released about 4 times more transmitter than the same number of stimuli given at 30 Hz). These strikingly opposite effects of stimulus frequency on dye uptake and transmitter release are summarized in Figure  8F . With increasing frequency, total transmitter release decreased about 4-fold, while total dye uptake increased about 4-fold. These results suggest that at low stimulus frequencies, transmitter release comes almost entirely from repeated recycling of vesicles in the readily releasable pool, and that few vesicles are mobilized from the reserve pool. We can estimate the number of times the readily releasable pool recycled during continuous stimulation at 2 Hz for 15 min. Assume that the reserve pool available during 1 min tetanus is 3-4 times larger than the RRP (Figure 1 found that, following brief stimulation, recovery of synpends upon recycling, rather than mobilization from the reserve pool. aptic currents was faster than recovery of FM dye release, suggesting that recovery from synaptic depresStimulation at lower, more physiological stimulus frequencies revealed further properties of the pools, espesion depends more on recycling of vesicles than on mobilization from a reserve vesicle pool. This conclusion cially the nature of vesicle mobilization from the reserve pool (Figure 8 ). Low-frequency stimulation produced was extended by Sara et al. (2002) , who demonstrated that during high-frequency tetanic stimulation (30 Hz), more transmitter release (for a given number of stimuli), but less FM dye uptake, than high-frequency stimulatransmitter output was maintained by vesicle recycling; interestingly, this was less the case with lower-frequency tion. The simplest explanation of this result is that at low frequency, vesicles in the reserve pool are not mobistimulation (10 Hz), where vesicle reuse was minimal for many seconds. We found the opposite to be true at lized at all, and all release comes from the RRP, which recycles about once a minute. frog motor nerve terminals: at low stimulus frequencies, vesicle recycling from a small pool accounts for most Studies of endocytosis in larval Drosophila motor nerve terminals (Ramaswami et al., 1994) have revealed of the release, and significant vesicle mobilization from the reserve pool comes into play only as the frequency two endocytic routes (Koenig and Ikeda, 1996) and pools of vesicles (Kuromi and Kidokoro, 1998, 1999; Koenig of stimulation increases. At the highest stimulation rate that we used, 30 Hz, no contribution of recycling vesicles and Ikeda, 1999). While identified using a different technique (block of endocytosis in Shibire mutants), these was observed. Other features of the hippocampal preparation are also entirely different at frog motor nerve terpools bear some similarities to those we have described in frog using differential staining with two FM dyes, alminals. For example, a slow endocytic route via membrane infoldings and cisternae, so evident in motor nerve though the physiological significance of the reserve pool in Drosophila is somewhat unclear, since it seems to be terminals, has not been clearly demonstrated in central nervous system synapses. Studies with FM dye uptake mobilized best when endocytosis is blocked. In the frog, the reserve pool clearly plays an important role in the reveal a single endocytotic pathway that progressively saturates and slows with increasing stimulation (Sankarability of the nerve terminal to sustain high-frequency release. Other differences in the two preparations also anarayanan and Ryan, 2000). Additionally, in hippocampal neurons repetitive stimulation causes the more exist. Thus, in Drosophila, the readily releasable pool required 10-15 min to refill, while in the frog it filled rapidly dissociating FM2-10 to be released faster than terminals, the same result is obtained, but only if FM2-mulation of exocytosed membrane at active zones slows 10 is washed from the terminals immediately after dye endocytosis, which could provide a mechanism that loading. If dye is left on the preparation for 5-15 min switches recovery from the readily releasable to the after loading stimulation, then subsequent destaining reserve pathway in frog motor nerve terminals. rates are the same for the two dyes. The difference was
Our results suggest a model in which vesicles in the ascribed to the ability of FM2-10, but not FM1-43, to readily releasable pool recycle selectively to that pool, be rinsed from membranous infoldings that form after while reserve pool vesicles follow a much slower path tetanic stimulation and that slowly generate vesicles back to the reserve pool. Such selectivity could arise in that fill a reserve pool (Richards et al., 2000) . ship (C.G.) .
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